In animal models of ParkinsonЈs disease, striatal overactivation of ERK1/2 via dopamine (DA) D1 receptors is the hallmark of a supersensitive molecular response associated with dyskinetic behaviors. Here we investigate the pathways involved in D1 receptor-dependent ERK1/2 activation using acute striatal slices from rodents with unilateral 6-hydroxydopamine (6-OHDA) lesions. Application of the dopamine D1-like receptor agonist SKF38393 induced ERK1/2 phosphorylation and downstream signaling in the DA-denervated but not the intact striatum. This response was mediated through a canonical D1R/PKA/MEK1/2 pathway and independent of ionotropic glutamate receptors but blocked by antagonists of L-type calcium channels. Coapplication of an antagonist of metabotropic glutamate receptor type 5 (mGluR5) or its downstream signaling molecules (PLC, PKC, IP 3 receptors) markedly attenuated SKF38393-induced ERK1/2 activation. The role of striatal mGluR5 in D1-dependent ERK1/2 activation was confirmed in vivo in 6-OHDA-lesioned animals treated systemically with SKF38393. In one experiment, local infusion of the mGluR5 antagonist MTEP in the DA-denervated rat striatum attenuated the activation of ERK1/2 signaling by SKF38393. In another experiment, 6-OHDA lesions were applied to transgenic mice with a cell-specific knockdown of mGluR5 in D1 receptor-expressing neurons. These mice showed a blunted striatal ERK1/2 activation in response to SFK38393 treatment. Our results reveal that D1-dependent ERK1/2 activation in the DA-denervated striatum depends on a complex interaction between PKA-and Ca 2ϩ -dependent signaling pathways that is critically modulated by striatal mGluR5.
Introduction
Phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) is triggered in neurons by different external stimuli, including neurotransmitters and growth factors, leading to a wide range of plastic responses through activation of cytosolic and nuclear targets (Mazzucchelli et al., 2002; Wiegert and Bading, 2011; . In the striatum, a large activation of ERK1/2 has been associated with maladaptive plastic changes after either treatment with cocaine to intact animals Fasano et al., 2009; or treatment with L-DOPA to dopamine (DA)-denervated animals (for review, see . Under both conditions, striatal ERK1/2 activation depends on D1 receptors (D1R), but the downstream mechanisms are not fully understood.
Various observations suggest that different pathways may regulate D1R-dependent ERK1/2 activation in the intact versus the DA-denervated striatum. Although cocaine-induced ERK1/2 phosphorylation is prevented by systemic injection of an NMDA receptor antagonist , the same treatment is ineffective in preventing D1R-mediated ERK1/2 phosphorylation in the DA-denervated striatum (Gerfen et al., 2002; Rylander et al., 2009) . It is further unknown whether the modulatory effects of glutamate receptor antagonists on D1-dependent ERK1/2 activation are mediated directly in the striatum or through other brain regions.
Understanding the mechanisms of D1R-mediated ERK1/2 activation in the DA-denervated striatum is particularly relevant to the study of L-DOPA-induced dyskinesia (LID), which is a major complication of the pharmacotherapy of Parkinson's disease (PD) (Manson et al., 2012) . In parkinsonian rodents treated chronically with L-DOPA, the occurrence of dyskinetic behaviors is strongly correlated with a large activation of ERK1/2 signaling in DA-denervated striatal neurons via the D1R (Westin et al., Darmopil et al., 2009; Santini et al., 2009) . Treatments capable of blunting the striatal activation of ERK1/2 by L-DOPA consistently attenuate the severity of dyskinesia in mouse, rat, and monkey models of PD (Santini et al., 2007; Schuster et al., 2008; Rylander et al., 2009; . L-DOPA-induced overactivation of ERK1/2 signaling is therefore widely considered as a hallmark of the maladaptive molecular plasticity associated with LID (Darmopil et al., 2009; Alcacer et al., 2012) . Understanding how ERK1/2 activation is regulated in a DA-denervated striatum may therefore lay the groundwork to identify novel antidyskinetic treatments.
In this study, we set out to investigate the mechanisms and modulation of ERK1/2 activation in the DA-denervated striatum. To exclude mechanisms mediated through other brain regions, we used acute striatal slices, an ex vivo model incorporating mature neurons in DA-denervated or native conditions. Our findings show that, in the DA-denervated striatum, D1R-mediated ERK1/2 activation is independent of ionotropic glutamatergic receptors and instead sensitive to inhibition of metabotropic glutamate receptor type 5 (mGluR5) and related intracellular signaling pathways. Using complementary in vivo approaches in DA-denervated animals, we finally demonstrate that D1R-dependent ERK1/2 signaling activation in the lateral (motor) part of the striatum critically depends on local mGluR5 activity.
Materials and Methods
Animals. Female Sprague Dawley rats (Harlan) and the bacterial artificial chromosome (BAC) transgenic mouse lines, Drd1a-tdTomato (Shuen et al., 2008) and mGluR5 KD-D1 (Novak et al., 2010 ) (bred and provided by D. Engblom, Linköping University) were housed in a 12 h dark-light cycle with food and water ad libitum. Rats weighed 225-250 g at the beginning of the study. Mice were all on C57BL/6 background, ϳ10 weeks old at the beginning of the experiments, and both genders were used. All experiments were performed under approval by the Malmö-Lund Ethical Committee on Animal Research or the Animal Ethics Committee in Linköping.
Chemicals. Names of chemicals are given using their standard abbreviated form. EGTA, KT5720, CNQX, TTX, MK801, U0126, PP-2, U73122, ryanodine, 2-APB, BAPTA-AM, DHPG, QX-314, and GF109203X were purchased from Tocris Bioscience. MTEP was purchased at Abcam. SKF38393, picrotoxin, SCH23390, 6-hydroxydopamine-HCl (6-OHDA), ATP-Mg, GTP-Na, TEA-Cl, CsMeSO 3 , isradipine, and all other chemicals were purchased from Sigma-Aldrich.
6-Hydroxydopamine lesions. Chronic DA denervations were produced through 6-OHDA lesions in the medial forebrain bundle (MFB) according to well-established methods (Cenci and Lundblad, 2007; Francardo et al., 2011) .
In brief, rats were anesthetized with a mixture of fentanyl and Dormitor (20:1, Apoteksbolaget), and 6-OHDA (Sigma Aldrich), dissolved in 0.02% ascorbate-saline, was stereotactically injected at a concentration of 3.5 g/l at the following coordinates: first injection Aϭ Ϫ4.4, Lϭ Ϫ1.2, V ϭ 7-8, tooth bar ϭ 2.4 (2.5 l); second injection: A ϭ Ϫ4.0, L ϭ Ϫ0.8, V ϭ Ϫ8.0, tooth bar ϭ 3.4 (2 l) (coordinates are given in millimeters, relative to bregma and the dural surface). For postoperative analgesia, rats were given Temgesic (0.167 mg/kg body weight, Apoteksbolaget) at the end of the surgery.
Mice were anesthetized with a mixture 4% isofluorane in air (Isobavet, Apoteksbolaget) and placed in a stereotaxic frame with a mouse adaptor (Kopf Instruments). 6-OHDA was dissolved at a fixed concentration of 3.2 g/l free-base in 0.02% ascorbate-saline, and a total volume 0.4 l was injected at the following coordinates: Aϭ Ϫ0.7, Lϭ Ϫ1.2, Vϭ Ϫ4.7, tooth bar ϭ Ϫ4.0. The analgesic Marcain (bupivacaine, 2.5 mg/ml, AstraZeneca) was injected subcutaneously (10 l/10 g body weight) before the first skin incision. Postoperative care of the mice was performed according to our published methods (Francardo et al., 2011) .
Behavioral tests were used to verify the efficacy of the DA denervation 2 weeks after lesion. To this end, forepaw use asymmetry in the cylinder test was assessed in mice (Francardo et al., 2011) , whereas amphetamineinduced rotation was measured in rats. In the latter test, rats were recorded for 90 min after intraperitoneal injection of 2.5 mg/kg D-amphetamine (Sigma Aldrich). Only rats exhibiting Ͼ5 full turns/min toward the side ipsilateral to the toxin injection were considered DAdenervated (i.e., Ͼ90% striatal DA depletion) (Carta et al., 2006) .
The loss of striatal tyrosine hydroxylase was further documented by Western immunoblotting in a subset of animals used in the slice experiment, whereas the loss of nigral tyrosine hydroxylase-positive cells was verified immunohistochemically in all animals used in the in vivo part of the study. In all cases, the tyrosine hydroxylase signal on the side ipsilateral to the lesion was Ͻ5% of that on the contralateral side.
Striatal slice preparation and treatments. On the day of the experiment, animals were anesthetized with pentobarbital (240 mg/kg i.p.; Apoteksbolaget) and decapitated. Their brains were rapidly removed and placed on an ice-chilled surface. The cerebral hemispheres were separated, and slices were cut on a vibratome (VT1200S, Leica). Parasagittal slices (250 -275 m) were cut in ice-cold aCSF containing the following (in mM): 124 NaCl, 3 KCl, 26 NaHCO 3 , 120 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 16.66 glucose. The aCSF was at all times gassed (5%/95% O 2 /CO 2 ) to maintain pH ϳ7.4 and oxygenation. Osmolarity was frequently checked between experiments and was typically 300 -310 mOsm/L. Slices were immediately transferred into a dissection dish, and the striata were carefully dissected out in ice-cold aCSF. Striatal slices were then transferred into room temperature buffer and subsequently allowed to equilibrate at near physiological temperature (34°C) for at least 45 min.
One hemisphere typically yielded a total of seven striatal samples for the testing of different drugs of interest. These seven samples were then divided into two untreated control samples, two positive control samples (i.e., treatment with SKF38393), and three samples for combined treatments. For the treatments, the slices were transferred into test tubes containing 10 ml aCSF and were constantly gassed. For each condition, at least four samples (n ϭ 4) were analyzed. In some cases, the aCSF was additionally modified as indicated in the text. In a preliminary experiment, we incubated DA-denervated slices with 0.1, 1.0, and 10 M SKF38393 for 7 min, based on previous publications (Voulalas et al., 2005; Vastagh et al., 2012) , with 10 M providing the most robust upregulation of phospho-ERK1/2, without having an effect on phospho-ERK1/2 levels in the intact hemisphere or completely drug-naive rats. This concentration was therefore used in all the following experiments. All other compounds were used according to previously published concentrations and incubation times. Treatment durations and concentrations are listed in Table 1 . Stock solutions of drugs of interest were made in water or DMSO, according to the manufacturers' instructions. Final DMSO concentration in the testing conditions never exceeded 0.1%.
After the respective treatments, the buffer was removed and the samples rapidly frozen on dry ice before storage at Ϫ80°C.
Electrophysiology and two-photon imaging. For miniature EPSC (mEPSC) recordings, single striatal slices, prepared as described above, were placed in a submerged recording chamber and constantly perfused with aCSF at room temperature. Striatal spiny projection neurons (SPNs) were readily identified by their typical morphology and size. In slices from Drd1a-tdTomato BAC mice, D1R-expressing SPNs were further identified by the presence of red fluorescence. Recording pipettes (3-6 M⍀ when filled with internal solution) were pulled from thickwalled borosilicate glass (1.5 mm OD, 0.86 mm ID) with a FlamingBrown horizontal puller (P-97, Sutter Instruments). For recording of mEPSCs, the internal recording solution contained the following (in mM): 120 CsMeSO 3 , 5 NaCl, 10 TEA-Cl, 10 HEPES, 5 QX-314, 4 ATPMg, and 0.3 GTP-Na. The solution was adjusted to pH 7.2 with CsOH, and the osmolarity was 270 -280 mOsm. Series resistance was regularly monitored via a 7 mV voltage step, and recordings were rejected after changes of Ͼ25%. Cells were held at Ϫ70 mV in the presence of picrotoxin, TTX, and MK801, to isolate AMPA currents. Recordings were made for at least 3-5 min, sampled at 20 kHz using a Multiclamp 700B amplifier (Molecular Devices) and converted using a Digidata 1440A digitizer (Molecular Devices). Miniature events were analyzed using Minianalysis software (Synaptosoft).
AlexaFluor-488 (50 M) was included in the internal solution during mEPSC experiments for postrecording visualization of the cell and final verification of the spiny neuron phenotype. Images were acquired on a LSM710 NLO laser scanning microscope (Zeiss), using a Ti:sapphire laser (MaiTai, Spectra Physics), set at an excitation wavelength of 750 nm. The beam was focused on the slice through a 63ϫ water-immersion objective (1.0 NA, Zeiss), and a z-stack of 80 -100 optical sections (1 m steps) was taken to document neuronal morphology.
Western immunoblotting. Striatal samples were homogenized in RIPAlysis buffer, containing 65 mM Tris-base, 150 mM NaCl, 1% Triton-X, 0.25% sodium deoxycholate, 1 mM EDTA, and a mix of phosphatase and protease inhibitors ("phosSTOP" and "Complete, mini, EDTA-free," Roche Applied Science). Protein concentration was determined using a BCA Protein Assay Kit (Pierce #23225, ThermoScientific). Equal amounts of protein (typically 10 g) were loaded for each sample on a 10% SDS-polyacrylamide gel for separation and then transferred on a polyvinyldifluoride membrane. Membranes were blocked with 5% nonfat dry milk and then incubated overnight using one of these antibodies: phospho-p44/42 MAPK Thr202/Tyr204 (phospho-ERK1/2;Cell Signaling Technology, #9101), p44/42 MAPK (total ERK1/2;Cell Signaling Technology, #4695), phospho-GluA1 Ser845 (Cell Signaling Technology, #8084), GluA1 (Cell Signaling Technology, #8850), phospho-MSK1 Ser360 (Abcam, ab81294), phospho-MEK1/2 Ser217/221 (Cell Signaling Technology, #9121), tyrosine hydroxylase (Pel-Freez, P40101-0) or ␤-actin-peroxidase (Sigma, A-3854). After several washing steps, membranes were incubated with HRP-linked secondary antibodies: antibiotin, HRP-linked antibody (Cell Signaling Technology, #7075); antirabbit IgG, HRP-linked (Cell Signaling Technology, #7074); and signals were visualized by chemiluminescence using a ECL kit (Pierce, #32106, ThermoScientific). The images were acquired using a CCD camera (LAS1000 system, Fuji Films) and analyzed using ImageJ (National Institutes of Health). After image acquisition, membranes were stripped and reblotted for loading controls.
Treatment of DA-denervated slices with SKF38393 did not change the levels of total ERK1/2 protein. Expressing the levels of phospho-ERK1/2 over total ERK1/2 (SKF: 211.1 Ϯ 11.59% of untreated control, p Ͻ 0.001, n ϭ 6) did not differ from expressing them over actin levels. The signal of specific bands was therefore consistently normalized to their respective actin levels throughout the study.
Intrastriatal infusion of MTEP. Rats with successful 6-OHDA lesions were anesthetized with a mixture of isoflurane in air (Isoba vet., Apoteksbolaget, 3% induction and 1.5-2.5% maintenance of anesthesia) and placed in a stereotaxic apparatus (David Kopf Instruments). Microdialysis probes (AgnThos, AT4 series, membrane diameter: 200 m, active membrane length 3 mm) were implanted in the DA-denervated lateral striatum (A: 0.6 from bregma, L: 3.3 from midline, V: Ϫ6.0 from dura, tooth bar: Ϫ3.3). The probes were anchored to the skull using jeweler screws and dental cement.
After ϳ48 h of recovery, the animals were individually placed in custom-made microdialysis Plexiglas boxes and probes were connected through a swivel to a syringe pump providing modified Ringer's solution containing the following (in mM): 1.2 CaCl 2 , 2.7 KCl, 148 NaCl 148, and 0.85 MgCl 2 . The Ringer flow was kept constant at 3 l/min, and probes were rinsed for at least 1 h to establish tissue equilibrium. In the experimental group, the Ringer was switched, after the rinsing period, to a solution containing 1 mM MTEP. Based on the procedure used in other reverse dialysis studies , the concentration of MTEP was chosen as being 100-fold larger than the effective concentration tested on the slices. Control animals received infusions of Ringer only. After drug infusions, the rats were treated with SKF38393 (1.5 mg/kg, s.c.) or saline. Twenty-five minutes after the subcutaneous injection, the animals were anesthetized with pentobarbital (240 mg/kg body weight i.p.; Apoteksbolaget) and transcardially perfused with 4% PFA for immunohistochemistry.
Immunohistochemistry. Thirty minutes after SKF38393 injection, animals were anesthetized with pentobarbital and transcardially perfused with 4% ice-cold, buffered, pH 7.4, PFA. After extraction, brains were postfixed for 2 h in 4% PFA before transferring them to buffered 25% sucrose solution for 24 -36 h. Coronal sections were cut on a freezing microtome at a thickness of 40 m (rats) or 30 m (mice). Free-floating sections containing either striatum or substantia nigra were stored in cryoprotective solution (30% ethylene glycol and 30% glycerol in 0.1 M phosphate buffer) at Ϫ20°C until further use.
Sections were kept on ice for phospho-ERK1/2 and phospho-H3 immunohistochemistry throughout all steps until the incubation with the secondary antibodies. In brief, after quenching endogenous peroxidase activity with 3% H 2 O 2 and 10% methanol, sections were blocked for 1 h in 5% normal goat serum or 5% normal donkey serum in Tris-buffered saline, supplemented with NaF (2 mg/ml) as a phosphatase inhibitor. Incubation with primary antibodies was performed overnight at 4°C. The primary antibody against phospho-ERK1/2 (Cell Signaling Technology, #9101) was used at a dilution of 1:250; the antibody against phospho-H3 (anti-phospho-histone H3 Ser10 , Millipore, #06 -570) was diluted 1:500.
After a series of washing steps, the sections were incubated with secondary antibodies either coupled to Alexa-488 (Invitrogen, #A11034) or Cy3 (Jackson Immunoresearch Laboratories, #711-165-152), at 1:400 dilution, for 1 h at room temperature. Sections were mounted using VectaShield mounting media (Vector Laboratories).
Image acquisition and analysis. Confocal images of mounted sections were taken on a LSM710 NLO laser-scanning microscope, using a 20ϫ objective (0.5 NA, Zeiss). Pictures were acquired in each region of interest (dorsolateral, dorsomedial, and ventrolateral striatum) from three sections per animal through the mid-part of the striatum. Single plane pictures or z-stacks of each region (typically of 30 -50 m along the z-axis in 1 m steps) were acquired, and the analysis was performed on maximum projection images. For each animal, the three measurements from each region of interest were averaged to a single value. Quantification of phospho-ERK1/2 and phospho-H3 positive cells was done in an automated way using National Institutes of Health ImageJ . Analysis was performed on an area sizing 424.3 ϫ 424.3 m 2 , and data are presented as positive cells per mm 2 . Alexa-488 was excited with 480 nm (filter 499 -630), Cy3 with 514 nm (filter 538 -681).
Overview confocal pictures of the DA-denervated and intact striatum were taken using a 4ϫ objective. In rat sections, the areas adjacent to the track of the microdialysis probe were excluded from the cell count analysis.
Statistical analysis. Statistical analysis was performed using Prism 5 (GraphPad Software). Data were analyzed by one-way ANOVA and post hoc Bonferroni's Multiple Comparisons test. Two-group comparisons were made using a paired or unpaired Student's t test, where appropriate. The significance level was set at p Ͻ 0.05. Data are presented as group mean Ϯ SEM.
Results

SKF38393 activates ERK1/2 only in DA-denervated striata
We used acute brain slices (Lindgren et al., 2002) from both intact and unilaterally 6-OHDA-lesioned rats to investigate D1R-mediated signaling in striata isolated from their anatomical network. Slices were incubated with the selective D1-like agonist SKF38393 (SKF, 10 M, 7 min). Phosphorylation of the AMPA receptor subunit GluA1 at Ser 845 was used as a marker of a signaling response mediated by protein kinase A (PKA) (Snyder et al., 2000) downstream of the D1R .
In untreated control slices from intact and DA-denervated striata, baseline levels of phospho-Ser 845 -GluA1 were almost undetectable (Fig. 1C,G) . After SKF treatment, the levels of phospho-Ser 845 -GluA1 increased significantly in both intact and DA-denervated striata ( Fig. 1 A, D ; intact: SKF: 342.2 Ϯ 74.81% of untreated controls, p Ͻ 0.05, n ϭ 4; DA-denervated: SKF: 515.6 Ϯ 38.58% of untreated controls, p Ͻ 0.001, n ϭ 17). These data indicate that, under our experimental conditions, SKF38393 treatment activates the canonical adenylate cyclase/PKA pathway in both intact and DA-denervated slices.
We subsequently examined the levels of ERK1/2 phosphorylation at Thr 202 /Tyr 204 (phospho-ERK1/2). Baseline levels of phospho-ERK1/2 were readily detected in both intact and DAdenervated striatal slices (Fig. 1C,G) . Treatment with SKF did not increase phospho-ERK1/2 levels in intact striatal slices (Fig. 1B) yet produced a large increase in the DA-denervated striata ( Fig.  1E ; SKF: 194.9 Ϯ 14.38% of untreated control, p Ͻ 0.001, n ϭ 6 -11). A similar pattern of effects was obtained upon direct slice application of dopamine (50 M) (215.6 Ϯ 13.05% of untreated control in DA-denervated striata; p Ͻ 0.001, n ϭ 6 -8; 109.7 Ϯ 5.62% of untreated control in intact striata; p Ͼ 0.05, n ϭ 6 -8).
In animal models of PD, D1R-dependent ERK1/2 activation in the DA-denervated striatum is accompanied by phosphorylation of nuclear targets, such as mitogen-and stress-activated protein kinase 1 (MSK1) and histone H3 (Westin et al., 2007; Santini et al., 2009; Alcacer et al., 2012) . To verify whether ERK1/2 phosphorylation led to activation of downstream nuclear targets also in our ex vivo setting, we measured the levels of MSK1 phosphorylated at Ser 360 , an ERK-specific phosphorylation site (McCoy et al., 2005) . In slices from DA-denervated animals, SKF treatment indeed induced a large increase in phosphoSer 360 MSK1 (Fig. 1 F, G ; SKF: 213.3 Ϯ 19.18% of untreated control, p Ͻ 0.001, n ϭ 8).
D1R agonist-induced ERK1/2 activation is dependent on the canonical signaling pathway
In animal models of PD, striatal D1R-dependent ERK1/2 activation depends on the canonical PKA signaling pathway and on mitogen-activated protein kinase kinase (MEK1/2) (Santini et al., 2007; Lebel et al., 2010) . To test whether this also applies to our ex vivo setting, striatal slices from DA-denervated animals were incubated with either the selective D1-like antagonist SCH23390 (10 M), the specific PKA inhibitor KT5720 (0.5 M), or the MEK1/2 inhibitor U0126 (10 M) before applying SKF38393. The samples were then analyzed for levels of phosphoGluA1
Ser845 , phospho-MEK1/2 Ser217/222 , and phospho-ERK1/ 2 Thr202/Tyr204 . Each of these was increased in the DA-denervated striatum after SKF treatment, and the effect was completely blocked by either the D1R-antagonist or the PKA inhibitor ( Fig.  2A-D) . Inhibition of MEK1/2 with U0126 did not affect the PKAmediated phosphorylation of GluA1 (Fig. 2C ) but prevented activation of MEK1/2 and ERK1/2 (Fig. 2 A, B) .
The effect of U0126 on D1R agonist-induced phospho-ERK1/2 is quite in line with in vivo studies performed in 6-OHDA-lesioned rats (Gerfen et al., 2002) ; this study, however, did not examine whether MEK inhibitors also affected the levels of phospho-MEK1/2 itself. An effect of U0126 in preventing MEK1 activation has been reported in previous studies (Davies et al., 2000; Bain et al., 2007) and may depend on positive feedback features of MEK-ERK signaling networks (Bhalla and Iyengar, 1999; Kocieniewski and Lipniacki, 2013) . This topic, however, goes beyond the scope of the present work. Here it is important to emphasize that the lack of effect of U0126 on phosphoGluA1
Ser845 in the presence of significant MEK-ERK inhibition indicates that activation of MEK-ERK by the D1R agonist occurs downstream of PKA.
The results thus far indicate that, at a concentration sufficient to activate PKA in both intact and DA-denervated slices, SKF38393 induces a D1R-mediated and PKA-dependent activation of ERK1/2 signaling via MEK1/2 specifically in the DAdenervated striata. This is in accordance with results obtained in vivo in unilaterally 6-OHDA-lesioned rodents treated with either D1R agonists or L-DOPA (Gerfen et al., 2002; Santini et al., 2007; Westin et al., 2007; Lebel et al., 2010) .
D1R agonist-induced ERK1/2 activation is independent of glutamatergic synaptic transmission via iGluR
Excitatory glutamatergic synaptic transmission is the major input to striatal neurons (Gerfen and Surmeier, 2011) and an important route to MAPK signaling activation (Sgambato et al., 1998; Mao et al., 2004) . Moreover, DA-dependent ERK1/2 phosphorylation has been shown to depend on ionotropic glutamate receptors (iGluR) in intact animals (Jiao et al., 2007; Nishi et al., 2011; , and AMPA receptor subunit phosphorylation may lead to a potentiation of glutamatergic synaptic transmission (Lee et al., 2000 (Lee et al., , 2003 Lu and Roche, 2012; Oliveira et al., 2012) . These considerations prompted the question whether the activation of ERK1/2 signaling by SKF38393 may depend on an enhancement of spontaneous excitatory synaptic transmission. We addressed this question using whole-cell patchclamp recordings from striatal SPNs in the slice preparation (Fig.  3 A, C,E ). Cells were held at a hyperpolarized potential (Ϫ70 mV) in the presence of TTX (1 M), picrotoxin (Ptx, 50 M), and MK801 (10 M) to selectively record spontaneous miniature currents (mEPSCs). Even though cortex and thalamus are removed in this slice preparation, AMPA receptor-mediated events were readily detected at ϳ2-3 Hz (Fig. 3E , traces) and were completely blocked by CNQX (n ϭ 5; data not shown).
Application of SKF38393 (10 M, 7 min) did not change the average frequency of AMPA events in the DA-denervated rat striatum ( Fig. 3B ; before SKF: 2.45 Ϯ 0.56 Hz, after SKF: 2.24 Ϯ 0.37 Hz, p Ͼ 0.05) nor the pattern of glutamate release, as indicated by the interevent intervals (data not shown). However, a small reduction in the amplitude of AMPA currents was observed (Fig. 3B) . Because D1R are only expressed in one population of SPNs, we repeated this experiment in slices from 6-OHDA-lesioned mice expressing a reporter-fluorophore under control of the D1R-promotor (Drd1a-tdTomato BAC mice). D1R-expressing SPNs were identified by the presence of red fluorescence (Fig. 3C) . Confirming the findings from 6-OHDA-lesioned rats, SKF38393 had no effect on AMPA mEPSC frequency, and it did not affect the mEPSC amplitude in D1R-positive SPNs (Fig. 3D) .
To further assess whether iGluRs may be involved in SKFinduced ERK1/2 activation, slices from DA-denervated rats were incubated either with the broad spectrum, noncompetitive NMDA receptor antagonist MK801 (10 M) or with the selective inhibitor of the highly Ca 2ϩ -permeable NR2B subunit, Ro25-6981 (1 M). The SKF-induced increase in phospho-ERK1/2 levels was unaffected by the above treatments ( Fig. 3F ; SKFϩMK801: 213.7 Ϯ 18.47%, SKFϩRO: 192.1 Ϯ 21.18% of untreated controls, p Ͼ 0.05 vs SKF alone) and was also unaffected by a complete blockade of iGluR synaptic transmission through combined application of TTX, Ptx, CNQX, and MK801 ( Fig. 3F ; SKFϩ "synaptic blocker": 215.0 Ϯ 11.20% of untreated control, p Ͼ 0.05 vs SKF alone, n ϭ 7-18).
Together, these data indicate that the SKF-induced activation of ERK1/2 signaling in DA-denervated slices is independent of changes in glutamatergic synaptic transmission and does not require NMDA receptor activity.
Ca
2؉ and Src kinases are required for D1R agonist-induced ERK1/2 phosphorylation Increases in intracellular Ca 2ϩ concentrations are a prerequisite for activation of mitogen-activated protein kinases (MAPK) in many cells (Rosen et al., 1994; Egea et al., 1999; Mulvaney et al., 1999) . To verify the requirement of extracellular Ca 2ϩ for D1R-mediated ERK1/2 activation, SKF38393 was applied to slices kept in a Ca 2ϩ -free buffer (modified aCSF with 0 mM Ca 2ϩ and supplemented with 1 mM of the calcium chelator EGTA). D1-mediated PKA activity appeared to be undisturbed in the Ca 2ϩ -free buffer, as SKF38393 induced a pronounced Ser 845 phosphorylation of GluA1 ( Fig. 4A, left dependence of SKF-induced ERK1/2 phosphorylation indicates that, at one point in the signaling cascade, one of these two entryways may be involved. Having excluded a role for NMDA receptors (Fig. 3) , we next addressed the involvement of VGCCs. Among the VGCCs, L-type calcium channels have the largest conductance and slowest inactivation kinetics (Tsien et al., 1988) , so we targeted these using their antagonist, isradipine (10 M). This compound completely prevented the SKF38393-induced increase in ERK1/2 phosphorylation ( Fig. 4C ; SKFϩIsra: 121.9 Ϯ 7.88% of untreated control, p Ͻ 0.05 vs SKF alone). Evidence has accumulated that nonreceptor tyrosine kinases can link G-protein coupled receptor signaling to MAPK activation in a Ca 2ϩ -dependent manner (Nagao et al., 1998; Pierce et al., 2001) . Src family kinases can be involved in Ca 2ϩ -triggered ERK1/2-activation (Perkinton et al., 1999; Hu et al., 2009 ) and have recently emerged as potential mediators of cocaine-and DA-induced ERK1/2-phosphorylation in striatal SPNs both in vivo and in culture preparations (Fiorentini et al., 2011; Nishi et al., 2011; . To investigate the potential involvement of Src kinases in D1R-mediated ERK1/2 activation, slices from DA-denervated rats were incubated with the selective Src kinase inhibitor PP-2 (10 M) before applying SKF38393. The Src inhibitor completely prevented the D1R-mediated ERK1/2 phosphorylation ( Fig. 4C ; SKFϩPP-2: 58.5 Ϯ 13.56% of untreated control, p Ͻ 0.001 vs SKF alone, p Ͼ 0.05 vs untreated control, n ϭ 6 -12).
Antagonizing mGluR5 signaling interferes with D1R-mediated ERK1/2 phosphorylation
Systemic treatment with the selective mGluR5 antagonist MTEP has been found to blunt L-DOPA-induced striatal ERK1/2 activation in unilaterally 6-OHDA-lesioned rats (Rylander et al., 2009) . In line with these observations, slice application of MTEP (10 M) attenuated the SKF38393-induced increase in phospho-ERK1/2 levels by Ͼ50% ( Fig. 5A ; SKFϩMTEP 149.9 Ϯ 14.63% of untreated control, p Ͻ 0.01 vs SKF alone). By contrast, levels of Ser 845 -GluA1 phosphorylation were unaffected by MTEP (Fig.   Figure 3 . SKF38393-induced ERK1/2 phosphorylation in the DA-denervated striatum is independent of iGluR-transmission. A-E, A patched and dye-filled SPN from a rat slice is shown in A. SKF38393 did not induce any significant change in mEPSC frequency and only a small change in amplitude (B). **p Ͻ 0.01 (paired Student's t test, n ϭ 10). A Drd1a-tdTomato-positive SPN in a mouse slice is shown in C. SKF38393 did not have any significant effect in the recordings from these neurons (D) (p Ͼ 0.05, paired Student's t test, n ϭ 7). Scale bar, 10 m. Representative traces before and after SK38393 are shown in E. Calibration: 20 pA and 0.5 s. F, Neither MK801 nor the NR2B-antagonist Ro256981 reduces SKF38393-induced phospho-ERK1/2 levels in the DA-denervated striatum. Total blockade of synaptic transmission ("synaptic blocker," TTX, Ptx, MK801, CNQX) has no effect either (F ). ***p Ͻ 0.001 versus untreated control (Bonferroni's Multiple Comparison test, n ϭ 7-18).
5B; SKFϩMTEP: 463.4 Ϯ 37.29% of untreated control, p Ͼ 0.05 vs SKF alone). We next addressed the involvement of signaling mediators downstream of mGluR5. Through its coupling to G q, mGluR5 activates phospholipase C (PLC), which in turn catalyzes the cleavage of phosphatidylinositol-4,5-bisphosphate to inositol trisphosphate (IP 3 ) and diacylglycerol. The latter activates protein kinase C (PKC) in the presence of Ca 2ϩ (Pin and Duvoisin, 1995). To inhibit PLC or PKC, slices were incubated with U73122 (7.5 M) or GF109203ϫ (1 M), respectively. Each of these antagonists completely prevented the SKF38393-induced increase in phospho-ERK1/2 levels ( Fig. 5A -freeaCSF,SKF38393induces PKA-dependent phosphorylation of GluA1, but not phosphorylation of ERK1/2, showing that extracellular Ca 2ϩ is necessary for ERK1/2 induction (A). *pϽ0.05 (unpaired Student's ttest). nϭ4-6. Representative blots of these experiments are shown in B. C, Blocking L-type calcium channels with isradipine or inhibiting Src kinases with PP-2 prevents D1R-induced ERK1/2 phosphorylation (C). ***pϽ0.001versusuntreatedcontrol(Bonferroni'smultiplecomparisontest).###pϽ0.001versus SKF treatment (Bonferroni's multiple comparison test). n ϭ 6 -12. 372.3 Ϯ 73.11% of untreated controls; p Ͼ 0.05 vs SKF alone, p Ͻ 0.001/p Ͻ 0.01 vs untreated controls, n ϭ 9 -18). mGluR5 regulates Ca 2ϩ release from the endoplasmic reticulum via PLC-mediated production of IP 3 and ensuing stimulation of IP 3 receptors (Pin and Duvoisin, 1995) . Binding of IP 3 to IP 3 receptors releases Ca 2ϩ , which in turn can trigger additional release from nearby IP 3 and ryanodine receptors, a process termed calcium-induced calcium release (Berridge, 1998; Clements et al., 2013) . We addressed the potential involvement of IP 3 -and ryanodine receptors in SKF-induced ERK1/2 activation using selective antagonists. Slices from DA-denervated rats were preincubated with the membrane-permeable IP 3 -receptor antagonist 2-APB (50 M) or with ryanodine (10 M). These treatments completely prevented SKF38393-induced ERK1/2 activation ( Fig. 6A ; SKFϩ2-APB: 46.70 Ϯ 8.98% and SKFϩRya: 118.00 Ϯ 14.49% of untreated control, p Ͻ 0.001 vs SKF alone, n ϭ 9 -15). However, both treatments also reduced basal levels of phospho-ERK1/2 in the slices ( Fig. 6B ; 2-APB alone: 61.57 Ϯ 10.17% of controls; ryanodine alone: 50.93 Ϯ 7.56% of controls, p Ͻ 0.05 vs untreated controls, n ϭ 4 -6). To further verify the importance of intracellular Ca 2ϩ signaling, DAdenervated slices were treated with the membrane permeable Ca 2ϩ chelator BAPTA-AM (20 M), which rapidly buffers any change in intracellular calcium concentration. This treatment abolished the SKF-induced increase in ERK1/2 phosphorylation ( Fig. 6A ; SKFϩBAPTA-AM: 107.40 Ϯ 27.61% of untreated control, p Ͻ 0.001 vs SKF alone, n ϭ 4 -15), although it also reduced baseline levels of phospho-ERK1/2 ( Fig. 6B ; BAPTA-AM: 39.11 Ϯ 4.77%, p Ͻ 0.05 vs untreated controls).
In vivo confirmation of a D1R-mGluR5 crosstalk in ERK1/2 activation Systemically administered mGluR5 antagonists have been shown to attenuate L-DOPA-induced ERK1/2 activation in hemiparkinsonian animals (Rylander et al., 2009) . However, where and how this effect is achieved have thus far remained unknown. Our ex vivo data suggest that the effect of MTEP on D1R-mediated ERK1/2 signaling is mediated postsynaptically on striatal SPNs. We tested this hypothesis by intrastriatal drug delivery via reverse microdialysis in the DA-denervated striatum of 6-OHDA-lesioned rats. On the day of the experiment, animals were first infused with MTEP (1 mM, 60 min) or Ringer's solution and then challenged with a single subcutaneous injection of 1.5 mg/kg SKF38393, a dose sufficient to induce immediate early gene expression (Fiorentini et al., 2013) and dyskinetic behaviors in this animal model of PD (Iderberg et al., 2013) . The animals were perfused 30 min after injection, and ERK1/2 phosphorylation was assessed by immunohistochemistry. In vehicle-treated animals, SKF38393 produced a widespread and marked activation of phospho-ERK1/2 immunoreactivity in the DA-denervated striatum (Fig. 7A,B) . Animals infused with MTEP showed a significantly reduced number of phospho-ERK1/2-positive cells in the lateral striatum, this reduction being particularly striking in the ventrolateral quadrant ( Fig. 7C ; p Ͻ 0.05 for MTEP vs Ringer infusion in both dorsolateral and ventrolateral striatum). The induction of phospho-ERK1/2 by SKF was however unaffected by MTEP in the dorsomedial striatum (Fig. 7B, bottom, C) .
To verify whether MTEP also had affected signaling responses downstream of phospho-ERK1/2, adjacent sections were immunostained for phospho-Ser 10 -histone-H3 (phospho-H3), which is an important nuclear target of ERK1/2 in rodent models of LID (Santini et al., 2009; Alcacer et al., 2012) . Treatment with SKF induced a large number of phospho-H3-immunoreactive cells throughout the DA-denervated striatum in rats infused with Ringer (Fig.  7 D, E) . Intrastriatal infusion of MTEP greatly attenuated the effect of SKF in the lateral striatum ( Fig. 7F ; p Ͻ 0.05 for MTEP vs Ringer in both dorsolateral and ventrolateral striatum). However, the SKF-induced phospho-H3 expression was unaffected by MTEP in the dorsomedial striatum (Fig. 7E, bottom, F ) . Together, these results show that local mGluR5 antagonism directly counteracts D1R agonist-induced ERK1/2 phosphorylation in the lateral, but not the medial, part of the DA-denervated striatum. To exclude that this regional pattern depended on differences in MTEP concentrations within the striatum, we verified the results using a complementary approach.
To this end, unilateral 6-OHDA lesions were applied to transgenic mice with selective knockdown of mGluR5 in D1R-expressing neurons (mGluR5
KD-D1
). These mice were estimated to have at least 90% reduction of mGluR5 mRNA in D1R-expressing SPNs (Novak et al., 2010) . In nontransgenic 6-OHDA-lesioned littermates, a single dose of SKF38393 (3 mg/kg, i.p.) induced ERK1/2 phosphorylation throughout the DAdenervated striatum (Fig. 8A, left column) . In 6-OHDA-lesioned mGluR5 mice, this effect was attenuated in a region-specific manner (Fig. 8A, right column) . The number of phospho-ERK1/2-positive cells was significantly reduced in the dorsolateral and ventrolateral striatum (Fig. 8A , top and middle row; p Ͻ 0.05 vs same ROIs in nontransgenic littermates) but unaffected in the dorsomedial quadrant (Fig. 8A, bottom  row; Fig. 8B ). Paralleling these changes, the SKF38393-induced phospho-H3 immunoreactivity was significantly reduced in mGluR5 mice in the dorsolateral and ventrolateral striatum ( Fig. 8C ; p Ͻ 0.05 vs same ROIs in nontransgenic littermates) while being unaffected in the dorsomedial region ( Fig. 8C ; p Ͼ 0.05 vs nontransgenic littermates).
In summary, the in vivo data confirm our ex vivo findings that mGluR5 has a key role in the modulation of D1R-dependent ERK1/2 signaling in the DA-denervated striatum, at least the portion of this structure where dyskinesia-associated gene expression changes are most pronounced (Andersson et al., 1999) .
Discussion
In animal models of PD, a large activation of ERK1/2 signaling downstream of D1 receptors is the hallmark of a molecular reorganization that is critical to the development of L-DOPA-induced dyskinesia (Westin et al., 2007; Darmopil et al., 2009; Santini et al., 2009; Alcacer et al., 2012; Fiorentini et al., 2013) .TreatmentsreducingD1R-mediated/ L-DOPA-induced ERK1/2 phosphorylation consistently improve dyskinesia in rodent and nonhuman primate models of LID (Schuster et al., 2008; Rylander et al., 2009; Marti et al., 2013) . Among antidyskinetic treatments that are now under clinical development, antagonists of mGluR5 reduce L-DOPAinduced ERK1/2 activation in the striatum (Rylander et al., 2009 ), but the mechanisms underlying this effect have remained unknown.
In this study, we have investigated signaling pathways mediating D1R agonistinduced ERK1/2 activation in acute brain slices from 6-OHDA-lesioned animals. At a concentration sufficient to induce PKAmediated responses in both intact and DA-denervated slices, SKF38393 activated ERK1/2 signaling only in the latter preparation. The activation of ERK1/2 in DA-denervated slices was not associated with an increase in glutamatergic synaptic Figure 7 . Intrastriatal infusion of MTEP in 6-OHDA-lesioned rats modulates SKF38393-induced ERK1/2 signaling activation. A-C, Systemic injection of the D1-like agonist SKF38393 induces strong activation of phospho-ERK1/2 in the DAdenervated striatum of 6-OHDA-lesioned rats (A, left), which is reduced by intrastriatal infusion of the mGluR5-antagonist MTEP (A, right). Boxes represent the three ROIs (dorsolateral, ventrolateral, and dorsomedial striatum) used for quantitative analysis, which are represented at higher magnification in B. MTEP significantly reduced the number of phospho-ERK1/2-positive cells in the dorsolateral and ventrolateral striatum (B, top and middle), while having no effect in the dorsomedial striatum (B, bottom). The results of automated cell counts are shown in C. **p Ͻ 0.01 versus the same region in vehicle-infused animals (unpaired Student's t test). ***p Ͻ 0.001 versus the same region in vehicle-infused animals (unpaired Student's t test). n ϭ 5 or 6 animals per group. D-F, Systemic treatment with SKF38393 also induced phosphorylation of histone H3 in the DA-denervated striatum (D, left), which was significantly reduced by MTEP (D, right). The effect of MTEP was significant in the dorsolateral and ventrolateral striatum (E, top and middle), but not in the dorsomedial striatum (E, bottom). The results of automated cell counts are shown in F. **p Ͻ 0.01 versus the same region in vehicleinfused animals (unpaired Student's t test). n ϭ 5 or 6 animals per group. Scale bars: A, D, 500 m; B, E, 50 m. A, D, *Location of the microdialysis probe. The area of damaged tissue surrounding the probe track showed some unspecific staining and was always excluded from quantitative analysis.
transmission and did not require NMDA receptor activity. This signaling response was however significantly reduced by MTEP, a selective negative allosteric modulator of mGluR5. The same compound did not attenuate the SKF-induced phosphorylation of Ser 845 -GluA1. These data indicate that, in DA-denervated striata, SKF-induced ERK1/2 activation relies on a functional interaction between D1R-and mGluR5-dependent signaling occurring downstream of PKA. It requires PLC, PKC, and Src kinases, as indicated by the dramatic effects of the corresponding antagonists in blocking SKF-induced increases in phospho-ERK1/2 levels. The mGluR5 is a major regulator of intracellular calcium dynamics via both stimulation of IP 3 production and modulation of L-type VGCC activity (see below). In slices incubated with antagonists of L-type VGCC, IP 3 receptors, ryanodine receptors, or with a chelator of intracellular calcium, SKF38393 did not induce any ERK1/2 activation. Although some of the above treatments also reduced the basal levels of phospho-ERK1/2, at least the effect of the IP 3 antagonist (2-APB) was very clear and phospho-ERK1/2 levels were virtually the same in slices incubated with the antagonist alone or combined with SKF38393.
Striatal slices represent a well-established ex vivo model to study direct effects of signaling modulators on mature striatal neurons, but they may not completely reflect the situation in vivo. In particular, the striatal inducibility of phospho-ERK1/2 in vivo is conditioned by the activities of glutamatergic and monoaminergic afferents projecting to a specific region (Gangarossa et al., 2013). We therefore set out to verify our hypothesis of a D1R-mGluR5 signaling crosstalk in the DA-denervated striatum using 6-OHDA-lesioned animals treated systemically with SKF38393. Local infusion of MTEP in the DA-denervated rat striatum strongly attenuated the activation of ERK1/2 signaling by SKF38393. Furthermore, 6-OHDA-lesioned transgenic mice with a cell-specific knockdown of mGluR5 in D1R-expressing neurons showed a blunted striatal ERK1/2 activation in response to SFK38393 treatment. In both experimental models, mGluR5 inhibition had a significant effect in the lateral part of the striatum, whereas SKF-induced phospho-ERK1/2 remained unaltered in the dorsomedial quadrant. This regional specificity is unlikely to depend on potential differences in mGluR5 abundance across striatal quadrants (Testa et al., 1994 (Testa et al., , 1995 . Because DA agonist-induced striatal ERK1/2 activation in intact mice shows region-specific patterns, matching the cortical and thalamic inputs to each region (Gangarossa et al., 2013) , the differential role of mGluR5 in the medial versus lateral striatum observed in this study is likely to depend on the anatomofunctional properties of these regions. The lateral striatum processes sensorimotor information (McGeorge and Faull, 1989) , shows low basal ERK1/2 activity and low ERK1/2 inducibility by DA agonists in intact animals (Gangarossa et al., 2013) , but exhibits very pronounced ERK1/2 activation and gene expression changes in L-DOPAtreated dyskinetic animals (Andersson et al., 1999; Westin et al., 2007) . This region is also particularly crucial to the generation of dyskinetic behaviors, as indicated by the effects of local molecular or neurochemical manipulations (Andersson et al., 1999 (Andersson et al., , 2001 Carta et al., 2006) . Together, our results provide the first demonstration that locally expressed mGluR5 participates in the signaling cascade through which D1R stimulation leads to ERK1/2 activation in DA-denervated neurons in the sensorimotor part of the striatum. Different routes to ERK1/2 activation in the DA-denervated versus the intact striatum Drugs of abuse have been shown to induce striatal ERK1/2 phosphorylation through NMDA receptors and DARPP-32 (Valjent et al., 2005; . However, NMDA receptors antagonists do not block D1R-mediated ERK1/2 phosphorylation in a DA-denervated striatum (Gerfen et al., 2002; Rylander et al., 2009) , and conflicting data have been published regarding the involvement of DARPP-32 in this response (Gerfen et al., 2008; . Our findings from DA-denervated slices confirm that D1R agonist-induced ERK1/2 activation is independent of NMDA receptors, being in line with in vivo data from 6-OHDA-lesioned rats (Gerfen et al., 2002; Rylander et al., 2009) . One can thus conclude that D1R-mediated ERK1/2 activation in the parkinsonian striatum does not follow the same NMDARdependent route that is recruited by drugs of abuse in intact animals ( A, B, Systemic injection of SKF38393 induces significant ERK1/2 phosphorylation in the DA-denervated striatum of nontransgenic mice with unilateral 6-OHDA lesions (A, left column). ERK1/2 activation is reduced in mice with cell-specific knockdown of mGluR5 in D1R-expressing neurons (mGluR5 KD-D1 ) (A, right column). The difference between genotypes was significant in the dorsolateral and ventrolateral regions, but not in the dorsomedial striatum (B). *p Ͻ 0.05 versus the same region in nontransgenic animals (unpaired Student's t test). **p Ͻ 0.01 versus the same region in nontransgenic animals (unpaired Student's t test). n ϭ 8 -13 animals per group. C, Phosphorylation of histone H3 (downstream target of ERK1/2) is also significantly reduced in the dorsolateral and ventrolateral striatum of mGluR5 mice. *p Ͻ 0.05 versus the same region in nontransgenic animals (unpaired Student's t test). n ϭ 8 -13 animals per group. Scale bar: A, 50 m.
ity, L-type VGCCs, not NMDA receptors, are the most likely mediators of this influx in the DA-denervated striatum.
Signaling responses regulated by mGluR5 and leading to ERK1/2 activation Ultrastructural investigations of striatal SPNs have shown that mGluR5 tends to accumulate at the border between postsynaptic and perisynaptic membranes (Uchigashima et al., 2007) . L-type VGCCs are also present in this region (Olson et al., 2005) , and their function in striatal neurons is modulated by DA-activated PKA (Surmeier et al., 1995) . In addition to being physically close on the plasma membrane, mGluR5 and L-type VGCC are anchored to the same scaffolding complex, connected to intracellular IP 3 and ryanodine receptors (Olson et al., 2005; Xiao et al., 2000; Sala et al., 2005; Chavis et al., 1996) . A cooperative action between Ca 2ϩ influx via L-type VGCC and mGluR5-dependent modulation of intracellular Ca 2ϩ dynamics is further crucial to certain forms of synaptic plasticity (Kato et al., 2012; Lerner and Kreitzer, 2012) . Our results suggest that similar Ca 2ϩ -dependent processes are also involved in D1R agonist-induced ERK1/2 activation in a DA-denervated striatum. In line with the membrane relocalization of D1R observed in the DA-denervated striatum (Fiorentini et al., 2006) , one can speculate that a close biophysical proximity between D1R and mGluR5 may lead to the formation of new signaling complexes. Such a process may account, at least in part, for the strong interactions between D1R-and mGluR5-related signaling presented in this study. Alternatively, one may speculate that mGluR5 is required to maintain a "permissive" tone of PLC-mediated signaling that allows D1R agonists to activate ERK1/2 in the DA-denervated striatum. Supporting this interpretation, a recent study suggests that PLC mediates some of the effects of D1R activation in the striatum (Medvedev et al., 2013) , although there is no evidence that bona fide D1R can directly couple to a G q -PLC pathway in native striatal tissue (for review, see Undieh, 2010) .
Nonreceptor tyrosine kinases of the Src family may provide a link between many of the signaling components that are involved in SKF-induced ERK1/2 activation. Previous work has indicated that Src kinases can mediate D1R-and NMDAR-dependent ERK1/2 activation in striatal neurons (Mao et al., 2009; Fiorentini et al., 2011; Nishi et al., 2011) . Src kinases are activated downstream of various types of receptors and can act as integrators of PKA and PKC signaling (Salter and Kalia, 2004) . In turn, Src kinases can promote ryanodine receptor-dependent intracellular Ca 2ϩ release in striatal neurons Lerner and Kreitzer, 2012) . These nonreceptor tyrosine kinases are therefore in a position to promote ERK1/2 activation in two potential ways: (1) coincidence detection of PKA and PKC activation; and (2) enhancement of intracellular Ca 2ϩ levels through release from ryanodine receptors.
In conclusion, our results suggest that D1R agonist-induced ERK1/2 phosphorylation in the DA-denervated striatum critically depends on a complex interaction between PKA-mediated and calcium-dependent responses, requiring signal integration through Src kinases. Striatal mGluR5 receptors are in a key position to modulate this complex network. Indeed, these G qcoupled receptors not only exert control over IP 3 formation and store-dependent Ca 2ϩ release in striatal SPNs (Clements et al., 2013) , but can also modulate L-type VGCC and Src kinases, mostly in a PLC/PKC-dependent fashion (Thandi et al. Our results thus reveal that the mGluR5/PLC/PKC cascade is a potent modulator of D1R agonist-induced ERK1/2 phosphorylation in the DA-denervated striatum without altering D1R-induced PKA activity. The strong signaling interactions occurring in the DA-denervated striatum between a canonical D1-PKA-mediated pathway and mGluR5/PLC-dependent components are suggestive of profound molecular reorganizations that will need to be unraveled by future studies. These will hopefully inform the development of novel pharmacological therapies for PD.
